The effect of adding up to 4 mass% of strontium to Mg-5Al-3Ca alloys was investigated in terms of microstructural and mechanical properties. The major interdendritic intermetallic compounds of as-cast alloys changed from the Mg 2 Ca phase to a combination of the (Mg,Al) 2 Ca and Al 4 Sr phases. The morphology of the interdendritic -Mg/Al 4 Sr eutectic phase also changed from a coarse lamellar structure at a low strontium concentration to a bulk-like ultrafine lamellar structure at a high strontium concentration (4 mass%). The creep resistance was improved by the addition of up to 2 mass% strontium but it was saturated at a higher strontium concentration.
Introduction
Die-cast magnesium alloys containing Al as a major alloying element, such as AZ91, have been widely used for many structural components because they offer good mechanical strength, ductility, surface finish, and castability. However, the application of such alloys is limited to low temperatures because of low creep resistance at elevated temperatures. Many studies have shown that their poor elevated-temperature creep properties are due to discontinuous grain boundary precipitation of the thermally unstable -phase (Mg 17 Al 12 ) from the supersaturated -Mg solid solution and coarsening of in the interdendritic eutectic region at high temperatures. [1] [2] [3] Mg-Al alloys containing the alkaline-earth elements Ca and Sr have been reported to offer good creep resistance because they help form thermally stable intermetallic phases and suppress the -phase. In Mg-Al-Ca alloys, any of the following stable phases may form along the grain boundaries: the Mg 2 Ca (C14) phase, the Al 2 Ca (C15) Laves phase, and the (Mg,Al) 2 Ca (C36) phase. [4] [5] [6] [7] [8] Pekguleryuz and Renaud 4) reported that the good creep resistance and tensile strength of the Mg-5Al alloy containing 0.6 to 1.0 mass% Ca results from the formation of Al 2 Ca and the suppressed formation of the -phase at the grain boundaries. Han et al. 5) found that the addition of less than 1 mass% of Ca in Mg-5Al alloys is not enough to suppress the formation of the -phase. In Mg-Al-Sr alloys, the interdendritic region is composed of two types of intermetallic compounds, Al 4 Sr and an unidentified ternary compound designated as Al 3 Mg 13 Sr. If the Sr/Al ratio is lower than 0.3, the Al 4 Sr is formed; and if the ratio is higher than 0.3, the Al 3 Mg 13 Sr is formed. 9) Nakaura et al. 10) reported that the addition of 0.22 mass% Sr to Mg-5Al-1.5Ca alloy significantly improved the creep resistance by forming the thermally stable Al-Sr compound (Mg 4 Al 4 Sr) along the grain boundaries and suppressing discontinuous precipitation of the -phase.
However, only a few studies have been made on the MgAl-Ca-Sr quaternary system containing higher than 1 mass% Sr. Jing et al. 11) reported that the Al 4 Sr compound precipitated in Mg-4Al-2Sr alloys shows two morphologies: one is lamellar eutectic with -Mg; the other is film-shaped divorced eutectic. They showed that the addition of 1 mass% of Ca to Mg-(4-7)Al-(1-2)Sr alloys forms thin lamellar-type Mg 2 Ca compounds and coarse lamellar-type (Mg,Al) 2 Ca compounds as well as bulky Mg-Al-Sr ternary compound; however, they were unable to identify the crystal structure of the bulky ternary phase. 8, 11) This study investigates the influence of the Sr content on the microstructural, tensile, and creep properties of Mg-5Al-3Ca alloys at room temperature and elevated temperatures.
Experimental Procedures
Five alloys with nominal compositions of Mg-5Al-3Ca-(0-4)Sr (ACJ530-534) were prepared, and their compositions are listed in Table 1 . Ingots of pure Al (99% purity) and the commercial alloy AM50 were used as a control measure to ensure that Al contained the expected maximum Mn content of 0.1 mass% for grain refinement. Ca and Sr were added as pure metals of 99% purity. The alloys were melted at temperatures higher than 800 C in a mild steel crucible under the protection of a mixed gas atmosphere of SF 6 (1%, v/v) and CO 2 (balance). The degassing and grain refining treatments 12, 13) were conducted by adding C 2 Cl 6 powders to the melt after the alloying elements were entirely dissolved and then maintaining a temperature of 750 C for 30 min before pouring the mixture into a mild steel mould of 150 mm Â 80 mm Â 15 mm.
The as-cast specimens were machined from the ingots into a cylinder (with a cross-sectional diameter of 6 mm and a gauge length of 25 mm) for tensile and creep tests. The tensile tests were conducted at three different temperatures of 25 C, 175 C and 200 C at a speed of 0.01 mm/s. Constant load creep tests were performed at 175 C and 200 C with a load of 70 MPa for 100 h using a creep tester with a data acquisition system equipped with a linear variable differ- ential transformer at a resolution of 1 mm (linearity error < 0:08%). The secondary creep rate was derived from the slope of 5-point adjacent-averaged values of the measured data to an assumed secondary creep region in order to minimize the irregularity of raw data. Samples for metallography were etched in a solution of 4.2 g of picric acid, 10 ml of acetic acid, 10 ml of water, and 150 ml of ethanol. Microstructural observations of the alloys were made using optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The back-scattered electron mode of the SEM was used to observe the detailed microstructures and energy-dispersive X-ray spectroscopy (EDS) was used for compositional analyses. Phase identification was made with TEM.
Results and Discussion
The microstructures of as-cast alloys are all similar; they have an -Mg matrix and intermetallic compounds that form a continuous network distributed at the grain boundaries and interdendritic areas. Figure 1 shows typical optical micrographs taken from the as-cast ACJ53x alloys. The secondary dendrite arm spacings of the as-cast alloys measured from the center and outside of the ingots are about 20-30 mm and 15-20 mm, respectively. The amount of intermetallics at the interdendritic region increases with the addition of Sr, but no significant difference was found. Figure 2 shows the SEM images and EDS profiles of the ACJ530, 531 and 534 alloys. The ACJ530 alloy without Sr (Fig. 2(a) ) appears to have a thin lamellar eutectic phase (width of intermetallic layers is around or less than 1 mm) consisting of Mg, Al and Ca, which is typically found in an Mg-Al-Ca ternary alloy, and a small amount of the Al-Mn compound. The addition of 1 mass% Sr (Fig. 2(b) ) produces interdendritic compounds with two morphologies: a thin lamellar eutectic of -Mg and (Al,Ca)-rich phase and a coarse lamellar phase (width of intermetallic layers > 2 mm), mainly containing Mg, Al and Sr with a small amount of Ca. As the amount of Sr was increased to 4 mass% ( Fig. 2(c) ), the coarse eutectic phase alternated with a new bulky phase. This bulky phase also contains Sr but its concentration is much higher than that of the coarse lamellar phase. TEM analysis was conducted on the ACJ530 and ACJ534 alloys to identify the intermetallic compounds in the interdendritic region (Fig. 3) . The main phase observed in the ACJ530 alloy was the Laves phase Mg 2 Ca (C14). The addition of 4 mass% Sr caused the main interdendritic phase to change to another Laves phase, (Mg,Al) 2 Ca (C36). The seemingly bulky Mg-Al-Sr ternary phase in Fig. 2(c) is an ultrafine eutectic structure composed of -Mg/Al 4 Sr (Fig. 3(c) ). According to previous studies, 8, 10) as the Sr content increases to 1 mass% in the Mg-Al-Ca alloy, the interdendritic phase changes from the Al 4 Sr lamellar phase to the bulky Mg-Al-Sr ternary phase, which is designated as Al 3 Mg 13 Sr. However, in this study, the bulky phase is not a single phase but an ultrafine structure composed of the lamellar eutectic phases.
For a better understanding of the phase change caused by the addition of Sr, the commercial software PandatÔ 6.0 was used to make thermodynamic calculations (Fig. 4) . The results in Fig. 4(a) show that a fall in the melt temperature to 540 C tends to form the (Mg,Al) 2 Ca compound following the formation of the primary -Mg phase in the ternary Mg5Al-3Ca alloy. A further decrease in the melt temperature to 510 C precipitates an Al 2 (Ca,Mg) compound with a low concentration of Mg; and this step is followed by the formation of Mg 17 Al 12 (-phase) at the solidus temperature (see the inset of Fig. 4(a) ). In contrast, when 2 mass% of Sr is added to the Mg-5Al-3Ca alloy (see Fig. 4(c) ), the formation of the Al 2 (Ca,Mg) and Mg 17 Al 12 phases are inhibited by the formation of Al 4 Sr, which needs more Al than the other compounds in order to constitute the unit cell. When the amount of Sr is increased, the Sr that remains after the formation of Al 4 Sr helps form the Mg 17 Sr 2 compound at the solidus temperature as shown in Fig. 4(d) . According to the thermodynamic calculations, the dilution effect of Al by the addition of Sr gives rise to a change of major precipitates from a mixture of C14 (or C36) and C15 in ACJ530 to C14 (or C36) in ACJ534; however, in this experimental study, the major precipitates changed from C14 to C36 by the addition of Sr, and the C15 was rarely observed, which is consistent with the work of Suzuki et al. 14) This is very likely due to limitation of PandatÔ 6.0 which is unable to distinguish between C14 and C36. The undesirable compounds in creep resistance, Mg 17 Al 12 and Mg 17 Sr 2 , were not observed by the metallographic experiments but indistinctly detected in the X-ray diffraction pattern, though not shown here. Although the refining mechanism of the -Mg/Al 4 Sr eutectic structure is not clearly explained in this study, the formation of the ultrafine lamellar structure is most likely caused by the combined effect of the constitutional supercooling from the segregation of an insoluble element, Sr, and the contraction of the solidification range. The tensile properties of the alloys are listed in Table 2 . At all the tested temperatures, the 0:2 increased with the addition of Sr; however, the ultimate tensile strength shows an irregular trend, probably due to the drastic decrease in elongation when strontium was added. The decrease in ductility is caused by the formation of the coarse precipitates shown in Fig. 2 . Figure 5 shows the 100 h creep curves of the as-cast alloys with a constant load of 70 MPa (Figs. 5(a) and 5(b)) and their secondary creep rate (Fig. 5(c) ). It seems that the strengthening effect of the added Sr enabled the creep resistance to increase significantly, though the secondary creep rate, _ , is saturated if Sr is higher than 2 mass%.
Summary
(1) The addition of up to 4 mass% of Sr to the Mg-5Al-3Ca alloy caused the major interdendritic intermetallic phase to change from Mg 2 Ca (C14) to a combination of (Mg,Al) 2 Ca (C36) and Al 4 Sr. Moreover, the morphology of the -Mg/ Al 4 Sr eutectic phase in the interdendritic region appears to depend on the Sr content: a low Sr content (1 mass%) produced a coarse lamellar structure and a high Sr content (4 mass%) produced a bulk-like ultrafine lamellar structure.
(2) The ductility of the Mg-5Al-3Ca alloys significantly decreased when the Sr content was increased due to the formation of coarse intermetallic compounds along the interdendritic region. Furthermore, the creep resistance was improved by the addition of up to 2 mass% Sr but saturated at a higher Sr content. 
